ABSTRACT: We sought to characterize the distribution of juvenile walleye pollock Theragra chalcogramma in an area of intense predator−prey interactions and to describe habitat features that lead to their observed distributions. The distribution of juvenile walleye pollock around the Pribilof Islands in the southeastern Bering Sea in 2008 and 2009 was patchy, at spatial scales ranging from a few meters to several 10s of kilometers. These patches, and the spaces between them, were hierarchically nested with small, dense patches clustered together into larger aggregations which were further aggregated over the region sampled. Vertical physical habitat structure affected the vertical distribution of juvenile pollock similarly in both years. However, despite largely similar physical characteristics in both years, there were significant differences between years in the horizontal distribution, patch structure, and abundance of juvenile pollock. In neither year did biological or physical environment characteristics explain the broad-scale variability in the horizontal distribution of juvenile pollock, but at small horizontal scales a behavioral component was evident, with fish changing their group coherence as conditions changed despite consistent group sizes. It is clear that if we are to understand the processes that drive the distribution of juvenile pollock, we must consider multiple scales of heterogeneity. Only then will we begin to understand the role of pollock in the ecosystem and be able to predict the consequences of large sources of variability such as climate change, a critical question in the rapidly changing physical and biological environment of the Bering Sea.
INTRODUCTION
Spatial heterogeneity, or patchiness, of physical characteristics and organisms is a common phenomenon in the ocean (Steele 1978) . Significant spatial variations in oceanic biomass, e.g. patches, have been observed at scales of centimeters (Dekshenieks et al. 2001 ) to hundreds of kilometers (Mackas et al. 1985) , often with smaller scale patches nested hierarchically within larger patches (Wu & Loucks 1995) . These patterns can affect community organization and stability, population dynamics, and trophic interactions (see a review in Levin 1992 ). Thus, understanding the development and persistence of spatial and temporal patterns and the consequences of those patterns for the dynamics of populations and ecosystems are fundamental themes in ecology (Hunter & Price 1992) .
Walleye pollock Theragra chalcogramma is a generally demersal fish species native to the North Pacific Ocean. Juvenile walleye pollock are an important trophic link in the Bering Sea ecosystem. Young-of-the-year (Age-0) pollock primarily prey on small zooplankton such as copepods and, at larger sizes, euphausiids (Brodeur 1998) . In turn, juvenile pollock are prey for a variety of demersal fish species, especially adult walleye pollock, sea birds such as common and thick-billed murres, and marine mammals such as northern fur seals Callorhinus ursinus (Livingston 1993) . At Age 3, walleye pollock recruit to the largest commercial fishery in the United States (Livingston 1993) .
Spatial distributions of pollock are highly variable at scales ranging from tens of meters (Swartzman et al. 1999a ) to hundreds of kilometers (Ressler et al. 2012) , likely a result of a combination of biological and physical factors such as growth potential, prey availability, advection, and predator avoidance (Bailey 1989 , Ciannelli 2002 . At the largest scales, the distribution of young-of-the-year pollock is affected by the spawning patterns in adult fish (Bacheler et al. 2012) , as well as the survival and recruitment of the resulting offspring (Bailey et al. 2005) . At scales of kilometers, patchiness of youngof-the-year pollock is likely driven largely by advection, including re gional circulation and more localized ocean frontal patterns (Schabetsberger et al. 2003) because of the limited swimming capacity (Ryer & Olla 1997 ) of these small fish. At smaller scales, juvenile pollock distributions are related to intrinsic factors like hunger and stress, physical factors including light and turbulence, and biotic factors including social interactions and prey (Bailey 1989 . The horizontal distribution of juvenile pollock at all spatial scales has been linked both directly (Swartzman et al. 1994 , Smart et al. 2012 ) and indirectly to temperature (Hunt et al. 2011 , Smart et al. 2012 , which can serve as a proxy for physical features like oceanographic fronts. Temperature may help regulate the metabolism and mortality of juvenile pollock (Smart et al. 2012) , and has been identified as a driver in overall population dynamics (Hunt et al. 2002 (Hunt et al. , 2011 , which could account for the vertical coupling observed between fish and the thermocline (Bailey 1989 , Swartzman et al. 1999b .
The distributions of prey (Bailey 1989) , competitors (Ressler et al. 2012) , and predators (Ryer & Olla 1998) affect spatial patterns in juvenile pollock. These factors can lead to differential growth and survival, resulting in heterogeneous distributions of individuals . Studies at small scales (e.g. tens of meters) have shown that behavior also plays an important role in determining the spatial influences of these sources of environmental variability on walleye pollock (Sogard & Olla 1993 , Olla et al. 1996 . For example, juvenile walleye pollock use 'group foraging' when searching for prey that is patchy, leading to aggregations of conspecifics . Laboratory experiments show that these aggregations of pollock, which may be coordinated and polarized and thus be termed schools, can also be affected by light, temperature, predators, hunger, and social factors (Olla et al. 1996 , Ryer & Olla 1998 . Studies have identified similar, smallscale aggregations of juvenile pollock in the Bering Sea, providing evidence that behavioral attraction occurs under natural conditions (Swartzman et al. 1994 (Swartzman et al. , 1999a . Vertical migrations of 20 to 60 m in extent, depending on individual body length (Brodeur & Wilson 1996 , provide additional evidence of the role of behavior in driving in situ distributions despite the limited abilities of juvenile pollock to overcome currents (Ryer & Olla 1997) .
The objective of this study was to characterize the spatial heterogeneity of juvenile walleye pollock over spatial scales on the order of 10 0.5 to 10 5 m. From the outset, we postulated that aggregations at one scale could be nested in aggregations at larger scales. Therefore, we looked at the smallest resolvable scale all the way up to regional differences, rather than focusing exclusively on one scale, e.g. schools (Swartzman et al. 1994 (Swartzman et al. , 1999a or broad-scale distributions (e.g. Ressler et al. 2012) . Our second objective was to understand how the spatial heterogeneity of juvenile pollock was affected by the physical and biological environmental drivers across scales, both vertically and horizontally.
This work was conducted as one element in a larger, interdisciplinary program known as the Bering Sea Project (Wiese et al. 2012) . In part, this program was designed to understand how the population dynamics and behavior of marine birds and fur seals breeding on the Pribilof Islands are driven by the availability and quality of the forage base surrounding their breeding colonies. Accessibility to juvenile pollock as a prey source has been shown to have a strong impact on the reproductive success of these predators (Zeppelin & Ream 2006 , Renner et al. 2012 . Embedded in our overall approach was the goal of identifying pollock spatial heterogeneity over the range of scales at which these predators forage. To examine juvenile pollock and their habitat, we used short, closely spaced transects stratified across different bathymetrically defined zones radiating around the Pribilof Islands, an area of intense interactions between juvenile pollock, their prey, and their predators (Swartzman et al. 1999a , Swartzman & Hunt 2000 .
METHODS

Study site
The Pribilof Islands are an archipelago on the edge of the Bering Sea shelf, west of mainland Alaska and north of the Aleutian Island chain. The 2 largest islands, St. Paul and St. George, are located approximately 90 km apart, and make up 97% of the landmass of the archipelago. There is a tidally driven front separating the well-mixed water close to each island from the highly stratified waters of the Bering Sea shelf (Kinder et al. 1983 , Stabeno et al. 1999 . The islands and the surrounding waters are highly productive, and serve as a nursery area for juvenile walleye pollock Theragra chalcogramma (Swartzman et al. 1999b) . During the summer, the islands harbor some of the largest seabird colonies in the Northern Hemisphere (Hickey & Craig head 1977) , and have northern fur seal Callorhinus ursinus rookeries that account for nearly 3 quarters of the worldwide population (Angliss & Lodge 2004) . The high abundance of juvenile pollock predators breeding on the Pribilof Islands and the highly productive, heterogeneous habitat in the nearby waters make it an ideal place to study the small-scale distributions of Age-0 walleye pollock.
Field data
We sampled a series of 10 km transects in the area surrounding the Pribilof Islands aboard chartered fishing vessels from mid-July to mid-August of 2008 and 2009. Each transect consisted of a conductivity, temperature and depth (CTD) cast at the start of the transect, to measure oceanographic characteristics, a vertical net tow for mesozooplankton, a targeted trawl for euphausiids and forage fish, 10 km of multi-frequency acoustics to estimate euphausiid and fish biomass and distri bution, and a second CTD cast at the end of the transect. Sampling of each transect took approximately 90 min to complete. Transects were conducted throughout the day and night, though no sampling was conducted during crepuscular periods (defined as the hour surrounding sunset and sunrise).
In 2008, 110 transects were surveyed from the FV 'Frosti' between 13 July and 7 August. In 2009, 72 transects were completed with duties split between the FV 'Frosti' and the FV 'Gold Rush' between 18 July and 12 August (Fig. 1) . During both years, 65 transects were planned pre-cruise, 60 were distributed randomly within 3 bathymetrically defined zones within 200 km of St. Paul, Alaska (57°08' 05'' N, 170°19' 34'' W) and 5 were distributed around the 2 largest of the Pribilof Islands. Zones were determined by depth following previous studies in this area; the Middle Shelf Zone (MS) had depths from 50 to 100 m; the Outer Shelf Zone (OS), from 100 to 200 m; and the Slope Zone (SL), > 200 m (Coachman 1986 ). Three of the 20 planned transects within each zone were designated as repeat transects and were visited multiple times throughout the 221 Fig. 1 . Theragra chalcogramma. Horizontal (top panels) and vertical (bottom panels) distributions of juvenile walleye pollock around the Pribilof Islands in each study year. A black cross indicates the midpoint of each 10 km transect. White areas did not have enough data for inclusion in the plotted surface cruise. Additional 'adaptive' transects were added on an ad hoc basis during the cruise based on several criteria, including: large patches of fish or euphausiids observed using acoustics, large aggregations of feeding birds or mammals seen on the water, or telemetry-tagged birds or mammals found in the vicinity of vessel surveys, as reported to us in real time from other ongoing studies.
Multi-frequency acoustic data were collected using Simrad EK60 split-beam echosounders along all transects, and most of the time the vessels were in transit through the study area. Transducers were affixed approximately 1 m below the surface to a rigid pole mount attached to the side of the vessel. Vessel speed for acoustic surveys was approximately 9.3 km h −1 . Acoustic frequencies used were 38, 70, 120, and 200 kHz. The 38 kHz system had a conical beam angle of 12°; each of the 70, 120, and 200 kHz systems had a conical beam angle of 7°. The pulse length for all frequencies was 256 µs. Echosounders were calibrated, following the method described by Foote et al. (1987) , with a 38.1 mm diameter tungsten carbide reference sphere. The 38 kHz echosounder had an effective range of 1200 m, while the 70, 120, and 200 kHz echosounders had ranges of 600, 350, and 200 m, respectively. Acoustical echograms of the 4 frequencies were viewed in real time so that the abundance and distribution of biological scatterers could guide in situ sampling.
A Sea Bird Electronics CTD sensor package was used to profile water characteristics to a depth of 100 m or 10 m above the bottom, whichever was shallower, at the beginning and end of each transect. In addition to conductivity, temperature, and pressure, the CTD unit measured dissolved oxygen, fluorescence, and light transmission at 530 nm. In 2008 the FV 'Frosti' used a SBE 19 V.1 CTD with a Wet Labs ECO-FLNTURT combination fluorometer-turbidity sensor, a CSTAR green light transmissometer, and a Sea Bird Electronics 42 dissolved oxygen sensor. In 2009 the FV 'Gold Rush' used the same CTD package that was used on the FV 'Frosti' in 2008. In 2009 the FV 'Frosti' used a SBE 19 V.2 CTD with a Wet Labs Wet Star fluorometer, a CSTAR green light transmissometer, and a Sea Bird Electronics 42 O 2 sensor. Both CTDs were equipped with a remote depth sensor (Simrad PI32) that allowed the depth of the package to be observed in real time.
A vertically integrated zooplankton net tow was performed at the beginning of each transect to a depth of 100 or 10 m above the bottom, whichever was shallower. The net was kept as close to vertical as weather conditions would allow. Net depth was guided by a real-time remote depth sensor (Simrad PI32) affixed to the net. The zooplankton net had a 0.75 m diameter mouth, 333 µm mesh, and was equipped with a General Oceanics flowmeter modified to only operate on the upward portion of the cast. The net was towed at a rate of 1 m s −1
, and zooplankton captured in the net were immediately preserved in a solution of 5% buffered formalin in seawater for later analyses.
Following the zooplankton net tow, a 20 min targeted trawl for fish and euphausiids was performed at a vessel speed of approximately 2 to 4 km h −1 using a modified Marinovich trawl. The net measured 10.5 m in length, with a 49 m 2 square opening, and with a cod end liner with 3 mm mesh. Acoustic data were used to target the trawl at a depth within the upper 100 m of the water column where the net would be most likely to encounter aggregations of fish or euphausiids. This depth range covered > 95% of the acoustic scattering attributed to pollock and 90% of that attributed to krill. Real-time remote sensors placed at the mouth of the net were used to monitor net depth, as well as vertical and horizontal spread. Immediately after capture, non-jellyfish contents of the net were identified, enumerated, and 20 randomly selected individuals of each species were measured for length before subsamples were frozen for further analysis.
Data analysis
CTDs
Using custom routines, all CTD data were aligned to account for instrument lags, data were filtered, edited for loops, and low-pass filtered before calibrations were applied to convert data to appropriate measures. Clines (e.g. thermocline, oxycline) were determined by finding the largest point-to-point difference in 0.5 m averaged downcast values and visually compared to profiles for validation. Water column stratification (dσ t dz −1 ) was calculated by taking the difference in the densities at 1 m below the surface and at the deepest point of the cast and dividing by the depth of the cast.
Zooplankton
Zooplankton preserved wet weights were determined in the laboratory post-cruise. Each sample was washed with a solution of 5% buffered formalin and seawater onto a 15 cm diameter, 5 µm particle retention filter paper under low levels of vacuum pressure until excess fluid was removed. If samples were >~500 ml, a Folsom plankton splitter was used to create a subsample prior to filtering. This procedure was then used to filter blank samples of 5% buffered formalin and seawater to determine the average weight of an empty wet filter; 4 volumes each of 100, 200, 300, 400, and 500 ml were filtered. The empty filter weights were not significantly different and did not vary with volume of fluid filtered. After samples were free of excess water, the contents of the filter were weighed on an analytical scale to the nearest 0.001 g with the average wet filter weight subtracted to yield the sample wet weight. To convert to biomass density, wet weights were divided by the volume of water sampled by the zooplankton net.
Ten samples from the Outer Shelf Zone were selected from the 2009 zooplankton samples for further analysis. These samples were split with a Folsom plankton splitter and examined under a dissection microscope; zooplankton were identified to the lowest taxonomic group possible (copepods were identified to genus), enumerated, and a random subsample of each identified group was measured for length. Zooplankton were measured in a fraction of the sample that yielded a count of ≥100 ind. per identified group. If there were <100 ind. of that group, the entire sample was counted and every individual measured. For statistical analyses, zooplankton were classified by size into the following groups: < 2, 2 to 4, 4 to 6, and > 6 mm for all zooplankton classes; for additional analysis, copepods were grouped as small if prosome length was < 2 mm and large if prosome length was > 2 mm.
Acoustic data
Acoustic data were analyzed using Echoview Version 4.7 (Myriax). Volume scattering was averaged over cells of 5 m depth and 5 echoes wide from 5 m below the surface to 0.5 m from the bottom or to 100 m depth, whichever was shallower. The binned volume scattering at 38 kHz was subtracted from that at 120 kHz to categorize data as either swimbladdered fish or euphausiids based on the observed frequency response (Kang et al. 2002 , Korneliussen & Ona 2002 . Cells designated as 'fish' had a S v120 to S v38 in the range of −9.3 to 9.3 dB; cells categorized as 'euphausiids' were within the range of 9.3 to 30 dB (De Robertis 2010). ]) was calculated over the entire transect to a depth of 100 m using a −85 dB S v integration threshold for each category; 'fish' were integrated at 38 kHz and 'euphausiids' were integrated at 120 kHz. When the acoustical layers targeted with the trawl were identified as 'fish', the trawls were overwhelmingly dominated (> 95% of the entire catch, including jellyfish and other invertebrates) -by numbers and biomass -by juvenile walleye pollock. Other schooling species known to be found in the Bering Sea, including capelin and sand lance, were absent from all trawls. In both years most of the juvenile walleye pollock caught were a size (< 66 mm) consistent with Age-0 pollock. In 2008, a few individual Age-1 pollock were caught on one transect (<1% of total transects), and, in 2009, Age-1 or older pollock were caught on 3 of the planned transects (< 5% of total transects). Thus, scattering consistent with fish can be interpreted as scattering from juvenile walleye pollock. Comparisons of area scattering over the volume sampled by individual net tows and the estimated biomass of pollock and euphausiids in the net tows had significant relationships for 'fish' sampled at 38 kHz (R 2 = 0.74, p < 0.05) and 'euphausiids' sampled at 120 kHz (R 2 = 0.57, p < 0.05), suggesting that these acoustic measures can be used as proxies for euphausiid and fish abundances (Benoit-Bird et al. 2011) . For presentation of data, scattering from fish was converted to biomass density using the target− strength biomass relationship for walleye pollock (Williamson & Traynor 1996) .
Juvenile pollock were observed in echograms to be highly spatially aggregated. To isolate largescale aggregations (layers), Myriax's Echoview Software, School Detection module was used on the 'fish' masked, full-resolution 38 kHz echograms to a depth of 200 m. Simply, this approach looks for a minimum number of contiguous values above a set threshold in both the distance and depth directions (Barange 1994 ). To be classified as an aggregation, pollock acoustic density had to exceed −65 dB re 1 m −1 , equivalent to 0.1 fish m −3 for median-sized Age-0 pollock, for at least 5 m vertically and 5 m along-track as corrected for beam effects (Diner 2001 ) and could not be separated from potential candidate pixels >1 m in size by > 2 m horizontally or with depth. Results of the school detection analysis were visually scrutinized and corrected for artifacts due to noise or instrument drop outs, as appropriate. The resulting aggregations encompassed > 97% of pixels classified as 'fish'.
The minimum, maximum, and median pollock depths for each transect were determined using juvenile pollock layers. The pollock median depth was defined as the depth at which 50% of the scattering from pollock observed on that transect was evenly divided in the water column. The depth interval inhabited by Age-0 pollock was determined by subtracting the minimum pollock depth from the maximum pollock depth. The difference between thermocline depth and median pollock depth was used to assess Age-0 pollock vertical distribution in relation to the thermocline.
Visual analysis showed that pollock spatial aggregations were hierarchically distributed with dense, ovoid patches inside larger, more loosely aggregated layers (Fig. 2 ). To isolate these patches within layers, school detection was repeated with the same spatial settings in 3 dB re 1 m −1 steps until no pollock were detected. At thresholds between −62 and −53 dB re 1 m −1 there were no significant changes in the mean volume scattering strength measured within each patch or the horizontal and vertical size of each patch despite changes in the number of patches detected, indicating the high contrast between these patches and the remainder of pollock. For further analyses, a threshold of −59 dB re 1 m −1 , approximately 0.5 fish m −3 for Age-0 fish, was chosen to maximize the number of transects with detected patches. Our −59 dB threshold is close to the −60 dB threshold suggested by previous studies as being a conservative enough threshold to isolate juvenile walleye pollock in schools from other scatterers (Burgos & Horne 2007) .
Pollock patches were clustered in many echograms. The distribution of inter-pollock patch spacing was bimodal, with a break between the modes at approximately 100 m. To identify these larger scale aggregations of pollock, we grouped together all patches found <100 m from neighboring patches. The horizontal size of each cluster of patches and the spacing between these clusters along a transect were measured.
Statistical analyses
All statistical analyses were performed using data collected at the transect scale. To analyze the effects of environmental variation on juvenile pollock distribution, best subsets multiple linear regression model selections were performed using a randomly selected 50% subset of the 2008 transects with acoustically identified pollock. For the vertical distribution of layers of Age-0 pollock the response variable was median pollock depth. Possible explanatory variables for the vertical distribution were: bathymetric zone; time of day; thermocline depth; mean temperature above and below the thermocline; temperature at pollock minimum, maximum, and median depth; mean standard length of pollock; water column stratification; oxycline depth; and chlorophyll maximum depth. For the horizontal distribution of layers of juvenile pollock, the response variable was the 38 kHz NASC value, and possible explanatory variables were: bathymetric zone, time of day, day of the year, surface temperature, thermocline depth, mean temperature to 100 m depth, surface salinity, total chlorophyll concentration integrated over the upper 100 m, maximum chlorophyll concentration within the upper 100 m, oxycline depth, minimum oxygen saturation, water column stratification, eu phausiid abundance (120 kHz NASC), zooplankton total biomass, and distance from nearest predator breeding colony. transects with acoustically identified pollock. The best models were selected using a combination of 2 methods: (1) the models with the highest adjusted R 2 and (2) a Cp statistic, an estimate of the total mean square prediction error, less than or equal to the number of parameters in the model were chosen
Once the best models were identified using the adjusted R 2 and Cp method, they were run on all of the 2008 transects with acoustically identified pollock, all of the 2009 transects with acoustically identified pollock, and on the combined data set. The best models were also used to evaluate the horizontal and vertical distribution of pollock patches. The response variable for the vertical distribution of pollock patches was the mean depth of patches by transect. The response variable for the horizontal distribution of pollock pat ches was the proportion of biomass within patches multiplied by the 38 kHz NASC value for the transect. Since several of the adaptive transects were placed in response to the detection of large aggregations of fish, as indicated by acoustics output, the analysis of the horizontal distribution of Age-0 pollock was performed only on planned transects with acoustically identified pollock.
Analysis of variance (ANOVA) was used to compare differences in the environmental variables used in the horizontal and vertical model selections between sample years and zones. Paired t-tests were used to compare inter-annual differences in the environmental variables for transects that were repeated in both 2008 and 2009. ANOVA was also used to compare differences in juvenile pollock distributions between years, among zones, and to make day versus night comparisons. Tukey's honestly significant difference (Tukey's HSD) tests were performed on a post hoc basis on significant ANOVA results, and 95% CI around the difference in the means were determined.
In 2009, juvenile pollock abundances within the Outer Shelf Zone were highly variable. Within this zone 5 transect pairs were selected to include 1 transect with a high abundance of acoustically identified juvenile pollock (38 kHz NASC > 150 m 2 nmi −2
) and 1 transect with a low abundance of pollock (38 kHz NASC < 50 m 2 nmi −2
). Transects chosen for paired analysis were geographically close, were sampled within a few days of each other, and were sampled at a similar time of day or night. Paired t-tests were performed to determine whether differences in oceanographic parameters might account for the difference in pollock abundance. There were no significant differences in oceanographic parameters between the pairs, so these samples were deemed appropriate to use as paired samples to compare transects with high and low abundance of Age-0 pollock in terms of zooplankton community structure. To determine if Age-0 pollock distribution was related to zooplankton community structure, multiple analysis of variance (MANOVA) and paired t-tests were performed on species composition, zooplankton and copepod size classes, and species diversity and evenness indices from these samples using a factor classification for high or low Age-0 pollock abundance and taking into account the paired nature of the samples.
RESULTS
Physical measures of the environment were similar between the 2 sample years, but were different across zones, while measures of chlorophyll concentration and vertical distribution of chlorophyll varied by year, but showed little effect of zone (Table 1) .
Walleye pollock Theragra chalcogramma caught in the trawls had a mean standard length of 41.4 mm, with an SD of 41.5 mm. The frequency distribution of sampled pollock lengths (Fig. 3 ) was bimodal, with the strongest peak at 35 mm and a secondary distribution centered around 130 mm. No pollock were observed to have a standard length between 67 and 91 mm, similar to previous studies (Nishimura & Yamada 1988 , Brown & Bailey 1992 , indicating a break in cohorts which we used to define Age-0 and Age-1 pollock. Age-0 pollock caught in the trawls varied by year (2008 mean: 36.8 mm; 2009 mean: 20.3 mm) and by zone (MS mean: 35.9; OS mean: 45.1; SL mean 33.3 mm), with significant interaction between year and zone (ANOVA, p < 0.01). Age-0 pollock caught in the trawls were significantly lar ger in 2009 than in 2008, after accounting for zone (95% Tukey's HSD CI of 5.93 to 9.70 mm, p < 0.00001; ANOVA, p < 0.00001; 95% paired t-test CI of 5.52 to 9.42 mm, p < 0.0001; Fig. 3 ). After ac coun ting for year, Age-0 pollock were significantly larger over the Outer Shelf than over the Middle Shelf (95% Tukey's HSD CI of 3.22 to 8.33 mm, p < 0.00001; ANOVA, p < 0.00001), and significantly larger in the Slope Zone than in the Middle Shelf Zone (95% Tukey's HSD CI of 0.69 to 6.66 mm, p < 0.05), but there was no significant difference in length between pollock from the Outer Shelf and the Slope (Tukey's HSD, p > 0.05). After removing the 2008 Middle Shelf data, the year effect was still significant (ANOVA, p < 0.05), but the zone effects were no longer significant (ANOVA, p > 0.05).
Pollock horizontal distribution
The acoustically determined biomass of Age-0 pollock varied significantly by year (2008 , p < 0.0001). There was no significant relationship between total mesozooplankton biomass and the horizontal distribution of Age-0 pollock (simple linear regression [SLR], p > 0.05), nor was there a significant relationship between acoustically determined euphausiid abundance (120 kHz NASC) and the abundance of acoustically identified Age-0 pollock (38 kHz NASC) for the planned transects (SLR, p > 0.05). Since no relationships were found between pollock and krill, further analyses of krill are not presented here, but can be found in Benoit-Bird et al. (2011) .
Examination of the species composition of mesozooplankton revealed that isopods and large copepods (> 2 mm) were the only taxa that had significantly different abundances on transects with low acoustically determined pollock abundance than on those with a high abundance of pollock. The mean , p < 0.05; ANOVA, pollock abundance p < 0.05, pair p < 0.05).
Pollock vertical distribution
In addition to the difference in overall Age-0 pollock biomass between the 2 yr, there were also significant inter-annual differences in their vertical distribution in the water column (Figs. 1 & 2) . Pollock median depth was significantly deeper in 2009 than A MLR model showed that pollock median depth is affected by the temperature structure within the water column such that:
Pollock median depth = β 0 − β 1 (temperature at the pollock median depth) + β 2 (mean temperature (1) above the thermocline) + β 3 (thermocline depth) where β 0 is the model intercept and β 1 , β 2 , and β 3 are the slopes. Model coefficients for the MLR model are summarized in Table 2 . The additive linear model explained 62% (adj. ) of the variability in the pollock median depth for both years combined, with sample year added into the model (MLR, p < 0.0001). The temperature at the pollock median depth did not vary significantly with year or zone (ANOVA, p > 0.05). The temperature at the pollock median depth was significantly higher at night than during the day (6.6 vs. 5.6°C; Tukey's HSD 95% CI of 0.35 to 1.68°C, p < 0.01; ANOVA p < 0.01), indicative of diel movement of the fish rather than a direct change in the physical environment.
Age-0 pollock median depth varied with sampling zone (MS: 19.1 m; OS: 26.7 m; SL: 34.5 m) and time of day (Day: 27.5 m; Night: 17.0 m) (ANOVA, zone: p < 0.0001, time of day: p < 0.001; Fig. 5 ). Age-0 pollock median depth was significantly deeper in the Outer Shelf Zone than in the Middle Shelf Zone (Tukey's HSD 95% CI of 4.11 to 16.77 m, p < 0.001), and significantly deeper in the Slope Zone than in the Middle Shelf Zone (Tukey's HSD 95% CI of 7.77 to 23.32 m, p < 0.0001). There was no significant difference in pollock median depth between the Outer Shelf and Slope (Tukey's HSD, p > 0.05). Diel vertical migration of Age-0 pollock was seen in both years (combined data shown in Fig. 5) ; Age-0 pollock median depth was significantly deeper during the day than at night (Tukey's HSD 95% CI of 3.18 to 15.03 m, p < 0.01; ANOVA, p < 0.01). Time of day and zone were tested as factors in the MLR model describing median pollock depth. However, despite the significant effect of time of day and zone on pollock median depth, these factors were not significant in predicting the overall depth distribution of juvenile walleye pollock in the MLR (MLR, time of day: p > 0.05, zone: p > 0.05). 
Pollock patches
The proportion of total juvenile pollock biomass that was within patches was greater in 2009 than in 2008 (63 vs 54%; 95% Tukey's HSD CI of 1 to 18%, p < 0.05; ANOVA, p < 0.05) (Fig. 2 shows an example). The proportion of juvenile pollock biomass that was within patches did not vary by zone (ANOVA, p > 0.05). No significant relationship was found between the biomass within pollock patches and any of the explanatory variables used in the MLR horizontal model selection.
The biomass within pollock patches varied with zone (MS: 45.9 g pollock m Mean patch depth was significantly deeper during the day than at night, after accounting for study year (26.8 vs. 21 .4 m; 95% Tukey's HSD CI of 7.87 to 13.33 m, p < 0.01; ANOVA, p < 0.01), but the mean depth of pollock patches did not vary significantly with zone (ANOVA, p > 0.05). Substituting the mean depth of pollock patches into the MLR model for the overall median depth of all pollock (Eq. 1) continued to yield a significant relationship (MLR, p < 0.0001), but explained significantly less of the variability for the pollock patches (MLR, adj. R 2 = 20%). Additionally, thermocline depth and the mean temperature above the thermocline were no longer significant as explanatory variables (MLR, p > 0.05).
The geometric and density characteristics of patches of pollock are summarized in Tables 3 & 4 for all data and excluding the patches over the middle shelf in 2008. Most of the variation in patch geometry and density were accounted for by the unique patches observed in the middle shelf in 2008 (Fig. 7 ). There were no effects of time of day on any of the patch characteristics examined without the 2008 middle shelf pollock patches. Simple linear regressions showed that there were no significant relationships between patch characteristics and the depth of these patches (p > 0.05 for all comparisons). To gether, these results indicate that diel vertical migration does not change the geometric and density characteristics of patches.
The internal structure and variation within patches, measures used to characterize fish schools, are summarized in Table 5 . Patches more closely approximated typical fish schools in 2009 than in 2008 for many of the measured characteristics of patch structure and variation (Table 5) . Zone effects were also present for these characteristics. Patches over the slope were most consistently school-like. Table 3 . Theragra chalcogramma. Summary of ANOVAs conducted on all pollock patches and then repeated without including the patches found in 2008 over the middle shelf (MS; <100 m bottom depth). NS: not significant. Significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
DISCUSSION
Juvenile walleye pollock Theragra chalcogramma in the southeastern Bering Sea were patchily distributed at the full range of spatial scales examined in this study (10 0.5 to 10 5 m) (Fig. 8) . These patches, and the gaps between them, were hierarchically nested, with small, dense patches clustered together into larger aggregations which were themselves sometimes embedded within a diffuse layer of pollock. Aggregations were also apparent at the re gional scale, with clusters of transects having high pollock biomass (Fig. 1) . At all levels, the spaces between pollock patches were similar to the scales of the patches themselves. As has been shown in both marine and terrestrial environments, aggregations in a system often exist across a range of scales in a hierarchical mosaic (Wu & Loucks 1995) , with small, highdensity patches nested inside of larger, lower density aggregations (Kotliar & Wiens 1990 ). The structure of patch hierarchies affects foraging behavior, habitat selection, and population dynamics (Kotliar & Wiens 1990 ) and has become a central theme in the field of landscape ecology (Wiens 1989 , Zhang & Sanderson 1993 , Girvetz & Greco 2007 .
While studies of hierarchically structured patchiness in marine systems remain limited in number (Girvetz & Greco 2007) , it is clear that one must consider more than a single scale of patchiness to understand the consequences of heterogeneous distributions (Wiens 1985) . Field studies of pollock in the Bering Sea designed for stock assessment have focused on the regional scale , Ressler et al. 2012 , while laboratory efforts (Ryer & Olla 1992, 1995, 1998) and some field programs (Swartzman et al. 1994 have examined individual pollock schools. To scale up from studies of individuals and schools to data measured in largescale surveys, it is critical to identify the intervening scales (Wiens 1985) . Examining the scale-dependent aggregation of pollock and the linkages between these features will likely provide information critical to understanding the mechanisms that drive the distribution of juvenile pollock. Both years of our study were cold years in the Bering Sea (Hunt et al. 2011) . Despite largely similar physical characteristics (e.g. <1°C difference in seasurface temperature, mean temperature below the thermocline, and depth-averaged temperature be - tween the 2 years), there were significant differences in the distribution, patch structure, and abundance of juvenile pollock between the 2 years. First, Age-0 pollock were more abundant in 2008 than in 2009, and were more patchily distributed at the regional scale, with a smaller proportion of transects surveyed containing patches. In addition, in 2008, across the entire study area, pollock patches were nested within low-density layers of pollock which were rarely observed in 2009 (Fig. 6 ). This was quantified as the proportion of the pollock biomass contained in small, dense patches, which was significantly higher in (Fig. 3) . Pollock over the middle shelf in 2008 were also very differently distributed than all other observations, with larger individual pollock patches comprised of more individuals that were less densely packed (Fig. 8) . These patches were clustered in larger aggregations than other pollock patches and were separated from other clusters by shorter distances than those found in deeper waters or in 2009 (Fig. 7) .
Removing the 2008 middle shelf pollock from analyses reduced much of the variability in pollock patch characteristics between years (Table 3) . However, despite similarities in the geometry and density of patches between years, some distinct differences were observed in the characteristics of patches that can be used to assess how consistent aggregations are with schools, or discretely bounded aggregations made up of polarized individuals (Pitcher & Parrish 1993) (Table 5 ). Patches of juvenile pollock were more 'school-like' in 2009 than in 2008, with compact, elliptical shapes with relatively even internal structure. Interestingly, in both years, the most 'school-like' aggregations were found over slope waters, with the aggregations over the middle shelf the least consistent with true schooling in both years. These results suggest differences in the intensity of predation pressure between years and zones, as experimental work has shown that juvenile pollock swim in loose groups when no predators are present, but form cohesive schools in the presence of predators (Ryer & Olla 1998 ). However, a priori, we expected predation pressure to be highest over the shelf and weakest over the slope, resulting in more aggregation over the shelf, the opposite of the observed pattern. Distance from the colony, unlike bathymetric zone, did not show a significant relationship with juvenile pollock aggregation.
The counterintuitive patterns in pollock aggregation may have to do with variation in pollock prey distributions. In laboratory experiments, pollock did not form groups under any conditions when food was dispersed (Ryer & Olla 1998 ). While we can infer that the prey of juvenile pollock were likely patchy at scales the pollock could perceive and respond to during our study, future efforts must describe the spatial scales in the distribution of pollock prey to understand pollock distributions. Interestingly, in all of our observations, patches of pollock (except in 2008 over the middle shelf) contained approximately the same number of individuals, roughly a few hundred, suggesting that the mechanisms for the formation of the groups themselves were consistent across conditions, even while the conditions leading to group cohesion (e.g. schooling) vary.
Despite differences in the abundance and distributional characteristics of juvenile pollock observed between study years, in both years, the environmental variables we evaluated were not able to explain variations in the horizontal distribution of Age-0 pollock either in patches or within layers. The best linear models had many factors (> 5) and explained little (< 40%) of the Age-0 pollock horizontal distribution variability. This agrees with previous studies that found that Age-0 pollock did not seem to aggregate in any particular habitat , and that Age-0 pollock distributions may be affected by different factors in different geographical areas (i.e. frontal region, shelf) and that these factors might vary in importance in different years . All of our parameters, except distance from the nearest colony, measured potentially bottom-up controls, so it is possible that top-down controls like predation by fish may be more important in determining the horizontal distribution of juvenile walleye pollock.
Another explanation for the limited correlation between our habitat descriptors and juvenile pollock distributions is that the descriptors were too coarsely resolved. We were unable to measure habitat at the scale of the individual pollock or for each pollock patch, the scale at which these factors likely impact pollock behavior. Our choices of metrics were similarly coarse. For example, we examined the effects of zooplankton only in terms of integrated biomass. It is perhaps not surprising that we found no relationship between pollock distribution and mesozooplankton. In fact, we found opposing trends in mesozoplankton biomass and Age-0 pollock biomass between years. We know that not all zooplankton are equally likely to be preyed upon by pollock, which likely contributed to this apparent mismatch. Coyle et al. (2008) found that while copepods were always an important prey item for Age-0 pollock, large copepods were more abundant and were consumed in the cold year they sampled, but smaller copepods were more abundant and were consumed during a warm year. Similar to other studies in this area , Winter et al. 2005 , we found that Age-0 pollock distributions were most variable in the Outer Shelf Zone, so we chose this zone for further analysis of the 2009 zooplankton samples. At the transect scale, pollock abundance was correlated with the abundance of large calanoid copepods, similar to the results of Coyle et al. (2008) , indicating that this system may be controlled from the bottom up. It is likely that the species and size of zooplankton potential prey are important predictors of where Age-0 pollock are found. However, examining this parameter at the spatial scales important to juvenile pollock presents a formidable challenge.
Unlike the horizontal distribution of Age-0 pollock, we found significant relationships between environmental parameters and the vertical distribution of Age-0 pollock. We found that the median depth of Age-0 pollock depended on the vertical temperature structure (thermocline depth, mean temperature above the thermocline, and temperature at the median pollock depth) but was not related to typical temperature metrics such as sea-surface temperature or depth-averaged temperature as might have been expected from the oscillating control hypothesis (Hunt et al. 2002 (Hunt et al. , 2011 . This finding is consistent with laboratory studies showing the vertical distribution of Age-0 pollock is most impacted by thermal stratification (Sogard & Olla 1993) . Previous field studies have shown that juvenile pollock were typically near and often above the thermocline (Swartzman et al. 1999b) . We found that Age-0 pollock were near the thermocline in both years, but in 2008 most of the Age-0 pollock were 5 to 10 m above and in 2009 they were a similar distance below the thermocline despite both thermocline depth and temperature gradient across the thermocline not varying significantly between years. The offset between fish and the thermocline was not related to the size of individuals, as has been observed in previous field surveys (Bailey 1989) . Our results indicate that the vertical distribution of juvenile pollock is driven by more than a simple association with the thermocline, a conclusion also drawn from previous laboratory studies (e.g. Olla et al. 1995) .
Age-0 pollock were located much deeper in the water column, and had a larger vertical range in 2009 than in 2008. During both years we observed that Age-0 pollock were found deeper during the day and shallower at night, consistent with diel vertical migration behavior. Interestingly, the spatial patterns we observed in juvenile pollock did not change with vertical migration, unlike laboratory observations (Sogard & Olla 1997) . Both schooling and diel migration are thought to be involved in enhancing feeding and avoiding predation. Our observations suggest that the optimal geo metry for individuals in schools remains unchanged over the day−night cycle despite likely diel changes in the tradeoffs of these behaviors. This may reflect high predation risk over the entire day−night cycle: during daylight from predators like arrowtooth flounder (Lang et al. 2000) and during darkness from animals like fur seals that, during this study, foraged most heavily at night (BenoitBird et al. 2013) .
Diel vertical migration has been previously reported for Age-0 pollock in the Bering Sea in late summer and autumn (Bailey 1989) , but not for Age-0 pollock as small as those observed here (average length < 40 mm). However, diel vertical excursions of similar extents have been observed in larval pollock (~10 mm long) (Kendall et al. 1994 , Smart et al. 2013 . While diel vertical migrations of 5 to 20 m were observed in both years, in all zones, the observed migration of juvenile pollock in 2009 was approximately double that observed in 2008. This may be due in part to the difference in fish size between the 2 years, as it is known that larger juvenile pollock exhibit larger vertical migrations (Bailey 1989) . Laboratory studies have shown ontogenetic shifts in vertical migration behavior with smaller Age-0 pollock avoiding cold water and spending less time below the thermocline than larger fish, likely due to an increased tolerance to cold water, the benefits of migrating below the thermocline being outweighed by the risks, and the potential for small fish to increase their growth rates in warmer waters (Sogard & Olla 1993) . However, the relationship be tween depth and body length is complicated, evidenced by the lack of relationship between these 2 variables in our model selection.
Slow-swimming animals such as Age-0 pollock may experience more environmental variation by moving vertically in the water column than horizontally, so while they may have little control over their horizontal location they are likely able to find better conditions by changing their vertical position. This may be why we were better able to explain vertical distribution patterns than horizontal distribution patterns of pollock layers and patches. Interestingly, the patterns we found in the vertical distribution were consistent between our study years and across bathymetric zones, despite inherent oceanographic differences among zones. However, the factors we identified as influencing the vertical distribution of Age-0 pollock require in situ sampling; sea-surface temperature and other potentially remotely sensed variables did not accurately predict the vertical distribution of juvenile pollock during our sampling period.
Our findings have implications for how juvenile pollock in the southeastern Bering Sea are best sampled, and how the observed distributional patterns are interpreted. Very few data are available on the distribution of juvenile pollock over shelf and slope waters (Honkalehto & Center 2002) . Ongoing, standardized surveys of pollock distribution in the Bering Sea, such as those conducted by the NOAA Fisheries Alaska Fisheries Science Center in support of pollock stock assessment, do not consistently sample these areas since it is thought that juvenile pollock avoid deep water. However, we found that the biomass density of juvenile pollock in the slope waters we sampled was not significantly different from that of the outer shelf. At least during the cold years we sampled, ignoring these regions, which make up a substantial area of the Bering Sea, could lead to a significant underestimation of potential year class strength. Furthermore, we found that most of the juvenile pollock biomass was at depths > 20 m, with more than half of the biomass in 2009 deeper than 50 m, although the pollock patches never ap proached the seafloor. This midwater distribution (Fig. 1) , which is not sampled by the currently used surface and benthic trawls in surveys of pollock, could also lead to significantly bias biomass estimates, as well as other data derived from samples such as energy density.
This study was conducted as an element of a larger, interdisciplinary program aimed at understanding the population dynamics and behavior of marine birds and fur seals breeding on the Pribilof Islands. The distribution and thus accessibility of juvenile pollock has strong impacts on the reproductive success of these predators (Zeppelin & Ream 2006 , Renner et al. 2012 ). Many of the factors that varied in juvenile pollock likely affect foraging by these predators. These effects, however, are clearly complicated, as the distribution of pollock likely had different impacts at the different scales observed. For example, between years, the depth of pollock was quite different, resulting in different costs for airbreathing predators foraging on pollock (Croll et al. 1992) . In 2008, even though pollock were found higher in the water column and (over the shelf) were abundant and in large, closely spaced patches that were relatively close to predator breeding colonies, individual pollock were also very small. These small pollock had lower energy per unit weight than larger pollock (3.1 and 3.5 kJ g (Whitman 2010) . Low costs to prey acquisition in 2008 may have been tempered by only small energy gains for predators that consume prey one at a time (e.g. fur seals and marine birds rather than large whales).
At even smaller spatial and likely temporal scales, variation in the coherence or the degree of schooling of fish within patches can affect the ability of predators to capture these individuals while simultaneously changing the conspicuousness of prey (Brock & Riffenburgh 1959 , Magurran 1990 ). Perhaps more important for predators than the variability in pollock spatial dynamics at a specific scale, our analysis identified the hierarchically nested nature of juvenile pollock distribution. Predator search efficiencies are predicted to be greater in hierarchically nested prey systems such as we have seen for pollock as opposed to the largely unstructured spatial dynamics for other potential prey, for example mesopelagic prey like myctophids and squid, in this system (Fauchald 2009 ). The tendency for juvenile pollock to school and for those schools to further cluster into larger patches leads to spatial predictability for predators. Put another way, once one patch is found, finding a second patch is much more likely. In addition, the radius to the next patch is relatively narrowly constrained, allowing efficient searching. This has resulted in some predators like northern fur seals showing a tight coupling in their search strategies with the distribution of juvenile pollock even when other prey make up a substantial part of their diet (Benoit-Bird et al. 2013) . However, small changes in scale also change the variance structure of the system, resulting in large effects on prey encounter rates and the ideal time for a predator to forage within a patch (Charnov 1976 , Krebs 1978 , Kotliar & Wiens 1990 ). The spatial distribution of Age-0 pollock in the southeastern Bering Sea presents an opportunity to understand which of these pollock features impact the distributions of predators. The data presented here are being used in partnered studies to understand the dynamics of several predators in the Bering Sea: thick-billed murres Uria lomvia, black-legged kittiwakes Rissa tridactyla, and northern fur seals Callorhinus ursinus.
In the summers of 2 cold years, Age-0 pollock were patchily distributed at scales ranging from a few meters to a few tens of kilometers. These aggregations were hierarchically nested, with high-density aggregations nested in lower density features at increasingly larger spatial scales. This has important implications for the analysis of these data as non-stationarity is a key property of hierarchical patch systems (e.g. the probability of a spatial process is unequal throughout space). Thus, the results from global analyses of spatial structure (variograms, correlograms, spectral analyses, wavelets, and fractals) are highly confounded, such that large-scale patterns mask nested small-scale patterns (Fauchald et al. 2000) .
Careful attention must be paid to the design of surveys of pollock, and how spatial distribution data are analyzed in the context of broad-scale ecosystem studies. More importantly, the understanding that pollock are distributed in nested aggregations provides a framework for linking pattern, process, and scale in this ecosystem (Wu & Loucks 1995) . Within hierarchically structured systems, larger scale processes impose constraints on lower levels, while lower level processes provide the mechanism through which higher levels of organization emerge (Kotliar & Wiens 1990 ). If we are to understand the processes driving the distribution of juvenile pollock, we must include multiple scales of heterogeneity in our sampling design of both the pollock and their habitat and couple this with mechanistic models of the factors driving the behavior of individual fish (sensu Bailey 1989) . Only then will we begin to understand the ecological role of pollock in the ecosystem and be able to predict the consequences of large sources of variability such as climate changea critical question in the rapidly changing physical and biological habitat of the Bering Sea (Overland & Stabeno 2004 , Stabeno et al. 2007 , Hunt et al. 2011 . 
